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Edited by Vladimir SkulachevAbstract Micromolar concentrations of arachidonic acid cause
in Ca2+ loaded heart mitochondria matrix swelling and Ca2+ re-
lease. These eﬀects appear to be unrelated to the classical mem-
brane permeability transition (MPT), as they are CsA
insensitive, membrane potential independent and can also be acti-
vated by Sr2+. Atractyloside potentiated and ATP inhibited the
arachidonic acid induced swelling. These observations suggest
that the ATP/ADP translocator (ANT) may be involved in the
AA induced, CsA insensitive membrane permeability increase.
Under the same experimental conditions used for heart mito-
chondria, arachidonic acid induced the classical CsA sensitive,
ADP inhibitable MPT in liver mitochondria.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The interaction of micromolar concentrations of free fatty
acids (FFA) with mitochondrial membranes causes an uncou-
pling eﬀect ascribed to the protonophoric activity of FFA,
with the involvement in the transbilayer process of the adenine
nucleotide carrier (ANT) [1,2] as well as of other mitochon-
drial carriers such as the aspartate/glutamate antiporter [3]
and the dicarboxylate carrier [4]. The so-called mild uncou-
pling, elicited by few micromolar concentration of FFA, would
have a role in preventing the generation of reactive oxygen spe-
cies (ROS) by mitochondria in the resting state [5], which is
characterized by an harmful increase in the reduction level of
the electron transport carriers and of semiquinone radicals.
FFA have been found to accumulate in ischemia and are
implicated in ischemic arrhythmias and reperfusion injury
(see [6] for review). We have examined the eﬀect of FFA on
isolated bovine heart mitochondria, under conditions relevantAbbreviations: FFA, free fatty acids; AA, arachidonic acid; ANT,
adenine nucleotide translocator; Atr, atractyloside; CsA, cyclosporin
A; ROS, reactive oxygen species; MPTP, mitochondrial permeability
transition pore; MPT, mitochondrial permeability transition; DW,
transmembrane electrical potential gradient; CCCP, carbonyl cyanide
m-chlorophenylhydrazone; BSA, bovine serum albumin
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doi:10.1016/j.febslet.2005.12.090to ischemia/reperfusion environment, and found they cause a
remarkable and selective inhibition of the respiratory chain
complex I and III activities and a concomitant large increase
of ROS generation at both coupling sites I and II [7].
Evidence has been produced indicating that FFA are also in-
volved in the mitochondrial pathway of apoptosis [8,9]. Our
group has shown that direct exposure of heart mitochondria
to micromolar concentrations of arachidonic acid (AA) causes
matrix swelling and cytochrome c release [10]. Other unsatu-
rated acids were as eﬀective as arachidonic acid, whereas palm-
itate exhibited a rather weak eﬀect. Similar eﬀects were
subsequently found in liver mitochondria [11]. According to
the current models, matrix swelling is consequent to inner
membrane permeabilization and may in turn cause outer mem-
brane rupture and release of intermembrane proapoptotic
proteins such as the apoptosis inducing factor (AIF), Smac-
DIABLO and cytochrome c. This mechanism for protein
release, which is well documented in isolated mitochondria,
does not represent the only pathway within the cell, where
other mechanisms may be involved [12].
Opening of the mitochondrial permeability transition pore
(MPTP) is considered to be responsible for the inner mem-
brane permeability transition (MPT). The pore is a multipro-
tein complex located at the mitochondrial contact sites and
is thought to consist mainly of the voltage dependent anion
channel (VDAC), ANT and cyclophilin D (Cyp. D) (see [13–
15] for review). Recent experiments carried out with mitochon-
dria from livers of ANT-knockout mice, have brought
Kokoszka et al. [16] to conclude that ANT is a non-essential
component of the MPTP. However, such a conclusion has in
turn been questioned by Halestrap [17]. Speciﬁc features of
the MPTP are represented by an absolute speciﬁcity for Ca2+
[14] and inhibition by the immunosuppressant cyclosporin A
(CsA). FFA interaction with liver mitochondria has been re-
ported to induce the classical CsA-sensitive MPTP opening
[11,18–20]. This eﬀect appeared to be related to the FFA
uncoupling activity, although a direct eﬀect on MPTP was also
proposed [11,20,21]. However, recent work carried out in this
[10] and other laboratories [22,23] has revealed a FFA-induced
CsA insensitive membrane permeability increase. In addition,
it was also shown that Sr2+, as well as Ca2+, was able to sup-
port palmitic acid induced swelling in intact liver mitochondria
[22]. These observations raise the question whether other
mechanisms are involved in FFA supported inner membrane
permeability increase.
Here we report a study on the eﬀect of arachidonic acid and
other unsaturated and saturated fatty acids on membraneblished by Elsevier B.V. All rights reserved.
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chain FFA were found to cause in heart mitochondria a largely
CsA insensitive swelling supported by either Ca2+ or Sr2+.
Unsaturated FFA resulted much more eﬀective than saturated
forms. The eﬀect produced was deﬁnitely unrelated to the FFA
uncoupling activity. Energization of mitochondria was only re-
quired for Ca2+ to be accumulated into the matrix compart-
ment. ANT appears to be involved in this FFA induced
membrane permeability increase, as revealed by the modula-
tion eﬀect exerted by adenine nucleotides and atractyloside.
Under the same experimental conditions FFA induced the
classical CsA sensitive MPTP opening in liver mitochondria,
where the eﬀect was closely related to the uncoupling proper-
ties of FFA and was also shared by the uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP).2. Materials and methods
2.1. Preparation of mitochondria
Heart and liver mitochondria from adult male Wistar rats were iso-
lated by diﬀerential centrifugation, as described elsewhere [24], and
were left on ice for 18–24 h before use. This procedure allowed mito-
chondria to be depleted of adenine nucleotides [25].
2.2. Mitochondrial swelling
Changes in absorbance of mitochondria were monitored at 540 nm
in a Agilent 8453 diode-array spectrophotometer. Mitochondria were
suspended at 0.1 mg/ml in a medium containing 75 mM sucrose,
50 mM KCl, 30 mM Tris–Cl, pH 7.4, 2 mM KH2PO4, 10 lM EGTA,
10 mM succinate, 1 lg/ml rotenone, at 25 C. Unless indicated other-
wise, swelling was triggered by the addition of the indicated concentra-
tions of FFA (as ethanolic solution) in the presence of 30 lM Ca2+ or
by Ca2+ alone at the concentration of 100 lM. Additional CaCl2 was
added to correct for the chelation of Ca2+ by nucleotides, where pres-
ent, according to their stability constants.
2.3. Measurement of membrane potential
The membrane potential in intact mitochondria was measured as
previously described [22], following the safranin ﬂuorescence quench-
ing at 525 nm (excitation), 575 nm (emission) with a Jasco FP 6200
spectroﬂuorimeter. Mitochondria were suspended in 1 ml of the same
medium described for swelling experiments, supplemented with 5 lM
safranin, at 25 C. The transmembrane potential was generated by
the addition of 10 mM succinate (in the presence of 1 lg/ml rotenone).
2.4. Measurement of extramitochondrial Ca2+ concentration
Ca2+ ﬂuxes were measured in the presence of 1 lM calcium green-
5 N, following the ﬂuorescence changes at 505 nm (excitation),
535 nm (emission). Calibration of the signal was achieved by the addi-
tion of known amount of Ca2+. The experimental conditions were
those described for swelling measurements.
2.5. Detection of mitochondrial protein release
Mitochondria were incubated at 25 C under the same conditions
described for swelling experiments, in the presence of 1 lg/ml rotenone
and 10 mM succinate. Arachidonic acid was added and after 10 min
incubation, mitochondria were spun down at 14000 · g for 10 min,
at 4 C. The proteins released in the supernatant were separated by
SDS–PAGE and detected by immunoblotting with the anti-cyto-
chrome c, AIF, Smac-DIABLO and Endonuclease G antibodies as de-
scribed in [26].
2.6. Chemicals
Atractyloside and cyclosporin A were purchased from Calbiochem
(La Jolla, CA). Free fatty acids, safranin-O, decyl-ubiquinone and
tamoxifen were purchased from Sigma Chemical Co. (St. Louis,
MO). Calcium Green-5N was purchased from Molecular Probes (Eu-
gene, OR). Sanglifehrin A was a gift from Novartis Pharma AG (Basel,Switzerland). Monoclonal anti-cytochrome c antibody (7H8-2C12)
was purchased from Pharmingen (San Diego, CA). Polyclonal anti-
AIF antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA). Polyclonal rabbit anti-Smac-DIABLO and anti-Endonuclease
G antibodies were a gift of Dr. D. Arnoult (Pasteur Institute, Paris,
France). All other reagents were of the highest purity grade commer-
cially available.3. Results
3.1. AA increases membrane permeability of heart mitochondria
The addition of micromolar concentrations of arachidonic
acid to heart mitochondrial suspension respiring with succi-
nate and supplemented with 30 lM exogenous Ca2+, caused
an absorbance decrease measured at 540 nm (Fig. 1A). Ca2+
or AA alone were without any eﬀect (not shown). The absor-
bance decrease caused by AA plus Ca2+, which indicates ma-
trix swelling, was also supported by Sr2+, when used instead
of Ca2+ (Fig. 1A) and largely CsA insensitive. A dose–response
relationship analysis for CsA is shown in Fig. 1B. The extent of
CsA insensitive swelling, in the CsA concentration range 2–
10 lM, was almost independent of the concentration of either
AA (Fig. 1B, left panel) or Ca2+(right panel). The eﬀect of sev-
eral MPTP inhibitors on the AA dependent swelling is illus-
trated in Fig. 1C. Among those tested, tamoxifen (TAM)
was little more eﬀective than CsA, whereas decyl-ubiquinone
(DUb) caused the swelling to be inhibited by around 60%.
Even though a CsA insensitive MPTP opening has been re-
ported under various conditions [27–29], the observations that
several other inhibitors (with the exception of DUb) aﬀected
only marginally the process and that divalent cations other
than Ca2+ did support the AA dependent matrix volume in-
crease seems to exclude the involvement of the classical MPTP
opening in this process. This contention is further strengthened
by the experiment illustrated in Fig. 1D, which serves as inter-
nal positive control. Here the classical CsA sensitive membrane
permeability transition (MPT) was activated by the addition of
100 lM Ca2+, in the absence of added FFA, which caused,
after an initial increase, a substantial absorption decrease.
The absorbance decrease observed under these conditions
was not produced by Sr2+, added instead of Ca2+, and greatly
inhibited by both CsA and Sanglifehrin A (SfA). The initial
absorbance increase caused by Ca2+ addition, which is partic-
ularly evident when the swelling process is inhibited, is likely
due to the formation of Me2+/phosphate deposits in the matrix
which may alter light scattering [28].
The AA dependent matrix swelling was followed by a partial
shrinking upon addition of bovine serum albumin (BSA),
which binds FFA (Fig. 2A). Fig. 2B shows that the membrane
potential established by succinate respiration was rapidly col-
lapsed upon addition of AA. BSA added subsequently let
transmembrane electrical potential gradient (DW) to be almost
completely restored. The latter ﬁnding clearly indicates that
Ca2+/AA induced permeability increase was reversible and
did not compromise the integrity of the inner membrane.
The limited reversibility of the swelling process is likely to re-
ﬂect the newly established osmotic equilibrium. The results of
the experiment reported in Fig. 2 raise the question whether
the AA promoted matrix swelling may be accounted for by
its protonophoric dependent membrane depolarization prop-
erty. This aspect is of relevance considering that the CsA sen-
sitive classical MPTP was shown to sense DW and its opening
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Fig. 1. Arachidonic acid induced swelling of rat heart mitochondria.
Swelling measurement of rat heart mitochondria was carried out as
described under Section 2. (A) Mitochondrial swelling was initiated by
the addition of 30 lM Ca2+ (or Sr2+) followed by 10 lM AA, where
indicated CsA (2 lM) was present. Traces are from 10 determina-
tions ± S.D. (B) Dose–response relationship analysis for CsA on Ca2+/
AA induced swelling. Left panel: AA concentration was varied from 10
to 30 lM, in the presence of 30 lM Ca2+; Right panel: Ca2+
concentration was varied from 15 to 45 lM, followed by 10 lM AA.
(C) Swelling was activated as described in A. Inhibitor concentrations
were: cyclosporin A (CsA), 2 lM; Sanglifehrin A (SfA), 2 lM;
tamoxifen (TAM), 4 lM; decyl-ubiquinone (DUb), 100 lM. The
values reported are means ± S.D. of three separate experiments. (D)
Swelling was started by the addition of 100 lM Ca2+, where indicated
CsA (2 lM) or SfA (2 lM) were present.
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Fig. 2. Eﬀect of BSA addition on swollen heart mitochondria.
Mitochondrial swelling (A) and membrane potential (B) were mea-
sured under the experimental conditions described under Section 2.
The reaction mixture also contained 2 lM CsA. Additions were:
10 mM succinate, 30 lM Ca2+, 10 lM AA, 0.2% (w/v) BSA.
M. Di Paola et al. / FEBS Letters 580 (2006) 775–781 777probability to increase as DW decreases [30]. CCCP (or FCCP)
is, in fact, commonly used as inducer of the classical MPTP.
The experiment presented in Fig. 3 shows that the addition
of CCCP, at concentrations discharging completely the mem-
brane potential (C) did not cause per se any signiﬁcant absor-
bance change (A, upper trace), and induced a slow release ofCa2+ from mitochondria (B). However, AA added after
CCCP, induced matrix swelling (A, lower trace) and an accom-
panying full release of Ca2+ into the external medium (B).
Thus, the AA promoted swelling appeared to be completely
unrelated to its protonophoric activity. Control experiments
showed that AA dependent swelling required matrix Ca2+. In
fact, AA did not induce any swelling when Ca2+ was added
to the respiring mitochondrial suspension after CCCP or
ruthenium red (not shown).
The capability of various saturated and unsaturated FFA to
induce matrix swelling is illustrated in Fig. 4. With the excep-
tion of arachidonic acid methyl ester, which is almost inactive
as protonophore in mitochondria, all the other FFA at the
concentration used exhibited a full DW collapsing ability (C)
[7]. However, the unsaturated arachidonic and oleic acids were
much more eﬀective than saturated acids in promoting matrix
swelling (A) and Ca2+ release into the external medium (B).
Linoleic (C18:2), linolenic (C18:3) and docosahexaenoic (C20:6)
were as eﬀective as arachidonic acid, whereas arachidic acid
(C20:0) was completely ineﬀective (not shown), probably also
because of its poor solubility.
The eﬀect on the swelling process of adenine nucleotides and
of ANT speciﬁc ligands was then examined. ATP caused a
remarkable inhibition of both matrix swelling (Fig. 5A) and
Ca2+ release from mitochondria induced by AA (not shown).
A statistical evaluation of the eﬀects of nucleotides showed
that ATP inhibited the reaction by around 60%, ADP and
GTP were weaker inhibitors, while all the other nucleotides
tested did not produce signiﬁcant eﬀect (Fig. 5B). Consistently,
we found that ATP (but not CsA or ADP) did also inhibit the
release of intermembrane proteins examined by around 50–
60% (Fig. 5C). Importantly, when the eﬀect of nucleotides
was examined on the classical CsA sensitive MPT induced
by 100 lM Ca2+ addition to respiring heart mitochondria
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Fig. 3. Arachidonic acid caused swelling in depolarized heart mito-
chondria. Matrix swelling (A), extramitochondrial Ca2+ concentration
(B) and membrane potential (C) in CsA treated mitochondria were
followed under the experimental conditions described under Section 2.
Additions were: 30 lM Ca2+, 0.25 lM CCCP, 10 lM AA.
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Fig. 4. Comparative eﬀect of various free fatty acids on heart
mitochondrial swelling, extramitochondrial Ca2+ concentration and
membrane potential. Rat heart mitochondria were incubated in the
reaction mixture supplemented with 2 lM CsA. The reaction started
by the addition of 30 lM Ca2+, followed after 1 min by 10 lM
each of the indicated FFA. C14:0: myristic acid; C16:0: palmitic acid;
C18:1: oleic acid; C20:4: arachidonic acid; MeC20:4: arachidonic acid
methyl ester. Typical traces out of three diﬀerent experiments are
shown.
778 M. Di Paola et al. / FEBS Letters 580 (2006) 775–781(Fig. 5D), ADP inhibited, as generally reported (see [14] for re-
view), the MPTP opening much more eﬀectively than ATP and
was almost as eﬀective as CsA (see Fig. 1D). GTP had practi-
cally no eﬀect.
Fig. 6 shows the eﬀect of atractyloside (Atr), a competitive
inhibitor of ANT, on the AA induced swelling in heart mito-
chondria. Concentrations of Atr which per se did not aﬀect
the permeability of the inner membrane did, however, stimu-
late the AA dependent matrix swelling (A) and the accompa-
nying Ca2+ release into the external medium (B) (see also
[31]). Control experiment showed that the addition of CCCP,
instead of AA, in the presence of Atr did not cause any eﬀect
(not shown).3.2. AA caused MPTP opening in liver mitochondria
In Fig. 7, the results of experiments carried out using rat li-
ver mitochondria are shown. The experimental conditions used
were exactly those employed in the experiments with heart
mitochondria. It was found that either palmitic or arachidonic
acid, at concentrations fully dissipating DW (see Fig. 4C), both
induced swelling at a rate and extent superimposable to those
caused by saturating concentrations of CCCP (7A, lower
traces). Noteworthy, matrix swelling induced by either fatty
acids or CCCP was completely abolished by CsA (7A, upper
traces). Separate experiments showed that at any Ca2+ concen-
trations (in the range of 5–10 lM) at which matrix swelling
was only induced after AA addition, the process was com-
pletely CsA sensitive (not shown). Under these conditions
Sr2+ was unable to replace Ca2+ to support mitochondrial
swelling. Again, when the eﬀect of nucleotides was tested under
Fig. 5. Eﬀect of nucleotides on rat heart mitochondrial swelling and
intermembrane protein release. The experimental conditions were
those described under Section 2 and in the legend of Fig. 1. The
reaction medium also contained 1 lg/ml oligomycin. Nucleotides were
present in the reaction mixture at the ﬁnal concentration of 0.2 mM.
Ca2+ concentration was increased to correct for the chelation of Ca2+
by the individual nucleotides, where present, to give a ﬁnal concen-
tration of 30 (A–C) or 100 lM (D) free Ca2+. (A) Mitochondrial
suspension was supplemented with 2 lM CsA and the reaction was
started by the addition 10 lM AA. (B) Statistical analysis of the
results obtained in the experiments described in (A). Values on the
columns, reported as percent of control, are means ± S.D. from three
diﬀerent experiments. (C) Where indicated, CsA (2 lM), ADP and
ATP were present in the reaction medium. 30 lM free Ca2+ was added
followed by the addition of 10 lM AA. After 10 min incubation,
mitochondria were separated by centrifugation. Immunoblot analysis
of the proteins released into the supernatant was performed as
described Section 2. Blots from a typical experiment are shown. (D)
Heart mitochondria were suspended in the reaction medium in the
absence of CsA.
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Fig. 6. Eﬀect of atractyloside on AA dependent swelling and extra-
mitochondrial Ca2+ concentration changes in heart mitochondria.
Heart mitochondria were suspended in the reaction mixture containing
2 lM CsA and, where indicated, 100 lM Atr. (A) Absorbance traces.
(B) Ca2+ ﬂux traces. Additions were: 30 lM Ca2+ and 10 lM AA (or
vehicle, dotted traces).
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to inhibit swelling almost completely. ATP was less eﬀective,
whereas GTP was without eﬀect (7B).4. Discussion
Free fatty acid concentration may increase substantially in a
number of physiopathological conditions, mediated by the
activation of receptors of the TNFa family and, subsequently,
of cytosolic phospholipase A2. Relevant for the eﬀects pro-
duced is also the observation that the ischemic process may
lead to the activation of the mitochondrial phospholipase A2
[32], which causes an increase of the local concentration of AA.
A model for FFA dependent inner membrane permeabiliza-
tion, distinct from the classical MPT, has been proposed,
based on the formation of FFA/Ca2+ pore complex in the lipid
bilayer [22,23]. Our data do not agree with this model for sev-
eral reasons. Only saturated FFA were reported to cause CsA
insensitive mitochondrial swelling, whereas unsaturated acids,
AA in particular, failed to elicit the process under analogous
conditions [22]. Accordingly, only saturated FFA bind Ca2+
with high aﬃnity and alter the permeability of liposomes and
black lipid membranes [33], while unsaturated acids are com-
pletely ineﬀective [34]. We have shown here, on the contrary,
that unsaturated fatty acids resulted to be much more eﬀective
than saturated acids in inducing swelling in heart mitochondria
(Fig. 4). The modulation of the swelling process by nucleo-
tides, ATP in particular (Fig. 5A), suggests that AA interacts
with ANT for its eﬀect. The ﬁnding that atractlyloside was able
0.
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Fig. 7. FFA induced CsA sensitive MPTP opening in rat liver
mitochondria: eﬀects of nucleotides. Swelling of mitochondria isolated
from rat liver was measured under the same experimental conditions
described for heart mitochondria experiments. (A) 1 min after 30 lM
Ca2+ addition, 10 lM arachidonic acid (a), 10 lM palmitic acid (b)
and 0.25 lM CCCP (c) were added. Upper traces (a 0, b 0, c 0) refer to
same experiments carried out in the presence of 2 lM CsA. (B) The
reaction medium contained 1 lg/ml oligomycin and, where indicated,
ADP (0.2 mM), ATP (0.2 mM) and GTP (0.2 mM). 30 lM free Ca2+
was added (see legend of Fig. 5), followed by 10 lM arachidonic acid.
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the involvement of ANT in the FFA dependent increase of
membrane permeability.
It is widely recognized that ANT can become a pore when
the matrix Ca2+ concentration is elevated and the ATP/ADP
binding sites are not occupied by nucleotides [14]. Channel
properties of the reconstituted ANT have been recorded for
the protein alone (+Ca2+) or in combination with BAX or
atractyloside. Opening of these channels were found to be
inhibited by ATP [15]. The results presented here suggest that
long chain unsaturated fatty acids, which exhibit an high aﬃn-
ity to ANT [2,19], would cause a Ca2+ mediated conversion of
ANT into an ATP sensitive channel through which loaded
mitochondria release Ca2+. The two processes appear in fact
correlated, both being stimulated by Atr and inhibited by
ATP (see also Fig. 4). We cannot exclude that other proteins
may participate to this process. The inhibitory eﬀect elicited
by decyl-ubiquinone (Fig. 1C), which belongs, together with
ubiquinone-0, to a class of ubiquinone analogs inhibiting the
MPTP, would suggest the involvement of the VDAC, to which
ubiquinone-0 appears to bind [35], in the AA dependent per-
meability increase described here.
The AA induced swelling of heart mitochondria exhibited
diﬀerent characteristics with respect to the classical MPT: (i)
it was largely insensitive to CsA and to other MPT inhibitors;
(ii) could also be activated by Sr2+ when used instead of Ca2+;
(iii) was only marginally inhibited by ADP, even in the pres-ence of CsA (Fig. 5A); (iv) was deﬁnitely independent of the
membrane potential. In fact, CCCP alone did not whereas
AA did induce matrix swelling even in the presence of saturat-
ing concentrations of CCCP (Fig. 3) and various FFA, all used
at concentrations exhibiting full membrane potential collaps-
ing capacity, showed a marked diﬀerence in their swelling eﬀect
(Fig. 4).
Control experiments showed that in heart mitochondria the
classical MPT could, indeed, be induced (Fig. 1D). It was spe-
ciﬁcally Ca2+ dependent and inhibited by both CsA and Sang-
lifehrin A. Furthermore, when supplemented with 30 lM Ca2+
and 10 lM AA, that is under exactly the same conditions as
those used in heart mitochondria experiments, liver mitochon-
dria underwent the classical MPT, which was speciﬁcally Ca2+
dependent and CsA sensitive (Fig. 7A). The latter ﬁnding al-
lows to exclude that the CsA insensitivity observed in heart
mitochondria experiments might be due to the suggested capa-
bility of FFA themselves to limit MPTP inhibition by CsA
[36]. The FFA induced swelling in liver mitochondria appeared
to be related to their uncoupling activity and strongly inhibited
by ADP, with ATP exhibiting a weaker eﬀect (Fig. 7B). Simi-
larly, ADP over ATP was inhibiting matrix swelling of heart
mitochondria undergoing classical MPT upon addition of
100 lM Ca2+ (Fig. 5D).
The question is why a given inducer, in this case AA or other
unsaturated fatty acids, causes, under the same experimental
conditions, an increase of membrane permeability by diﬀerent
mechanisms in heart and liver. We are tempted to hypothesize
that in heart mitochondria higher concentrations of Ca2+ (as
much as 1000 nmol/mg protein) are required to assemble the
various protein components, in particular Cyp. D, into MPTP.
If Cyp. D were not assembled, then the system may lose the
sensitivity to CsA and Sanglifehrin A, both of which bind spe-
ciﬁcally to Cyp. D ([37], cf. [38]). In the liver, where, with the
possible exception of Cyp. D [39], the candidate proteins for
the putative MPTP organization are present as tissue-speciﬁc
isoforms with respect to the heart [40,41], lower concentrations
of Ca2+ would suﬃce to assemble the classical CsA sensitive
MPTP. It has also to be taken into consideration the very dif-
ferent content of ANT protein in mitochondria from liver and
heart. This could also contribute to the distinct eﬀect observed
of AA and CCCP.
Acknowledgments: This work was ﬁnancially supported by a grant
from the National Research Project (PRIN) on ‘‘Bioenergetics: func-
tional genomics, functional mechanisms and physiopathological as-
pects’’. We thank Prof. S. Papa for suggestions and critical reading
of the manuscript.References
[1] Andreyev, A.Yu., Bondareva, T.O., Dedukhova, V.I., Mokhova,
E.N., Skulachev, V.P., Tsoﬁna, L.M., Volkov, N.I. and Vygo-
dina, T.V. (1989) The ATP/ADP-antiporter is involved in the
uncoupling eﬀect of fatty acids on mitochondria. Eur. J. Biochem.
182 (3), 585–592.
[2] Wojtczak, L. and Schonfeld, P. (1993) Eﬀect of fatty acids on
energy coupling processes in mitochondria. Biochim. Biophys.
Acta 1183 (1), 41–57.
[3] Samartsev, V.N., Smirnov, A.V., Zeldi, I.P., Markova, O.V.,
Mokhova, E.N. and Skulachev, V.P. (1997) Involvement of
aspartate/glutamate antiporter in fatty acid-induced uncoupling
of liver mitochondria. Biochim. Biophys. Acta 1319 (2-3), 251–
257.
M. Di Paola et al. / FEBS Letters 580 (2006) 775–781 781[4] Wieckowski, M.R. and Wojtczak, L. (1997) Involvement of the
dicarboxylate carrier in the protonophoric action of long-chain
fatty acids in mitochondria. Biochem. Biophys. Res. Commun.
232 (2), 414–417.
[5] Korshunov, S.S., Korkina, O.V., Ruuge, E.K., Skulachev, V.P.
and Starkov, A.A. (1998) Fatty acids as natural uncouplers
preventing generation of O2 and H2O2 by mitochondria in the
resting state. FEBS Lett. 435 (2–3), 215–218.
[6] Lesnefsky, E.J., Moghaddas, S., Tandler, B., Kerner, J. and
Hoppel, C.L. (2001) Mitochondrial dysfunction in cardiac
disease: ischemia-reperfusion, aging, and heart failure. J. Mol.
Cell. Cardiol. 33 (6), 1065–1089.
[7] Cocco, T., Di Paola, M., Papa, S. and Lorusso, M. (1999)
Arachidonic acid interaction with the mitochondrial electron
transport chain promotes reactive oxygen species generation.
Free. Radic. Biol. Med. 27 (1-2), 51–59.
[8] Kong, J.Y. and Rabkin, S.W. (2000) Palmitate-induced apoptosis
in cardiomyocytes is mediated through alterations in mitochon-
dria: prevention by cyclosporin A. Biochim. Biophys. Acta. 1485
(1), 45–55.
[9] Sparagna, G.C., Hickson-Bick, D.L., Buja, L.M. and McMillin,
J.B. (2001) Fatty acid-induced apoptosis in neonatal cardiomyo-
cytes: redox signalling. Antioxid. Redox Signal. 3 (1), 71–79.
[10] Di Paola, M., Cocco, T. and Lorusso, M. (2000) Arachidonic acid
causes cytochrome c release from heart mitochondria. Biochem.
Biophys. Res. Commun. 277 (1), 128–133.
[11] Scorrano, L., Penzo, D., Petronilli, V., Pagano, F. and Bernardi,
P. (2001) Arachidonic acid causes cell death through the mito-
chondrial permeability transition. Implications for tumor necrosis
factor-alpha apoptotic signalling. J. Biol. Chem. 276 (15), 12035–
12040.
[12] Desagher, S. and Martinou, J.C. (2000) Mitochondria as the
central control point of apoptosis. Trends Cell Biol. 10 (9), 369–
377.
[13] Crompton, M. (1999) The mitochondrial permeability transition
pore and its role in cell death. Biochem. J. 341 (Pt 2), 233–249.
[14] Halestrap, A.P., McStay, G.P. and Clarke, S.J. (2002) The
permeability transition pore complex: another view. Biochimie 84
(2–3), 153–166.
[15] Belzacq, A.S., Vieira, H.L., Kroemer, G. and Brenner, C. (2002)
The adenine nucleotide translocator in apoptosis. Biochimie 84
(2–3), 167–176.
[16] Kokoszka, J.E., Waymire, K.G., Levy, S.E., Sligh, J.E., Cai, J.,
Jones, D.P., MacGregor, G.R. and Wallace, D.C. (2004) The
ADP/ATP translocator is not essential for the mitochondrial
permeability transition pore. Nature 427, 461–465.
[17] Halestrap, A.P. (2004) Mitochondrial permeability: dual role for
ADP/ATP translocator?. Nature 430, 1.
[18] Brustovetsky, N.N, Egorova, M.V., Gnutov, D.Yu., Mokhova,
E.N. and Skulachev, V.P. (1993) Cyclosporin A suppression of
uncoupling in liver mitochondria of ground squirrel during
arousal from hibernation. FEBS Lett. 315 (3), 233–236.
[19] Schonfeld, P. and Bohnensack, R. (1997) Fatty acid-promoted
mitochondrial permeability transition by membrane depolariza-
tion and binding to the ADP/ATP carrier. FEBS Lett. 420 (2–3),
167–170.
[20] Wieckowski, M.R. and Wojtczak, L. (1998) Fatty acid-induced
uncoupling of oxidative phosphorylation is partly due to opening
of the mitochondrial permeability transition pore. FEBS Lett. 423
(3), 339–342.
[21] Schonfeld, P., Kahlert, S. and Reiser, G. (2004) In brain
mitochondria the branched-chain fatty acid phytanic acid impairs
energy transduction and sensitizes for permeability transition.
Biochem J. 383 (Pt 1), 121–128.
[22] Sultan, A. and Sokolove, P.M. (2001) Free fatty acid eﬀects on
mitochondrial permeability: an overview. Arch. Biochem. Bio-
phys. 386 (1), 52–61.
[23] Mironova, G.D., Gritsenko, E., Gateau-Roesch, O., Levrat, C.,
Agafonov, A., Belosludtsev, K., Prigent, A.F., Muntean, D.,
Dubois, M. and Ovize, M. (2004) Formation of palmitic acid/
Ca2+ complexes in the mitochondrial membrane: a possible role in
the cyclosporin-insensitive permeability transition. J. Bioenerg.
Biomembr. 36 (2), 171–178.[24] Di Paola, M., Cocco, T. and Lorusso, M. (2000) Ceramide
interaction with the respiratory chain of heart mitochondria.
Biochemistry 39 (22), 6660–6668.
[25] Halestrap, A.P., Woodﬁeld, K.Y. and Connern, C.P. (1997)
Oxidative stress, thiol reagents, and membrane potential modu-
late the permeability transition by aﬀecting nucleotide binding to
the adenine nucleotide translocase. J. Biol. Chem. 272 (6), 3346–
3354.
[26] Di Paola, M., Zaccagnino, P., Montedoro, G., Cocco, T. and
Lorusso, M. (2004) Ceramide induces release of pro-apoptotic
proteins from mitochondria by either a Ca2+-dependent or a
Ca2+-independent mechanism. J. Bioenerg. Biomembr. 36 (2),
165–170.
[27] Malkevitch, N.V., Dedukhova, V.I., Simonian, R.A., Skulachev,
V.P. and Starkov, A.A. (1997) Thyroxine induces cyclosporin A-
insensitive, Ca2+-dependent reversible permeability transition
pore in rat liver mitochondria. FEBS Lett. 412 (1), 173–178.
[28] Novgorodov, S.A., Gudz, T.I., Milgrom, Y.M. and Brierley, G.P.
(1992) The permeability transition in heart mitochondria is
regulated synergistically by ADP and cyclosporin A. J. Biol.
Chem. 267 (23), 16274–16282.
[29] Crompton, M. and Andreeva, L. (1994) On the interaction of
Ca2+ and cyclosporin A with a mitochondrial inner membrane
pore: a study using cobaltamine complex inhibitors of the Ca2+
uniporter. Biochem. J. 302, 181–185.
[30] Bernardi, P. (1992) Modulation of the mitochondrial cyclosporin
A-sensitive permeability transition pore by the proton electro-
chemical gradient. Evidence that the pore can be opened by
membrane depolarisation. J. Biol. Chem. 267 (13), 8834–8839.
[31] Chavez, E., Zazueta, C. and Garcia, N. (1999) Carboxyatracty-
loside increases the eﬀect of oleate on mitochondrial permeability
transition. FEBS Lett. 445 (1), 189–191.
[32] Hillered, L. and Chan, P.H. (1988) Role of arachidonic acid and
other free fatty acids in mitochondrial dysfunction in brain
ischemia. J. Neurosci. Res. 20 (4), 451–456.
[33] Mironova, G.D., Gateau-Roesch, O., Levrat, C., Gritsenko, E.,
Pavlov, E., Lazareva, A.V., Limarenko, E., Rey, C., Louisot, P.
and Saris, N.E. (2001) Palmitic and stearic acids bind Ca2+ with
high aﬃnity and form nonspeciﬁc channels in black-lipid mem-
branes. Possible relation to Ca2+-activated mitochondrial pores. J.
Bioenerg. Biomembr. 33 (4), 319–331.
[34] Agafonov, A., Gritsenko, E., Belosludtsev, K., Kovalev, A.,
Gateau-Roesch, O., Saris, N.E. and Mironova, G.D. (2003) A
permeability transition in liposomes induced by the formation of
Ca2+/palmitic acid complexes. Biochim. Biophys. Acta 1609 (2),
153–160.
[35] Cesura, A.M., Pinard, E., Schubenel, R., Goetschy, V., Friedlein,
A., Langen, H., Polcic, P., Forte, M.A., Bernardi, P. and Kemp,
J.A. (2003) The voltage-dependent anion channel is the target for
a new class of inhibitors of the mitochondrial permeability
transition pore. J. Biol. Chem. 278 (50), 49812–49818.
[36] Broekemeier, K.M. and Pfeiﬀer, D.R. (1995) Inhibition of the
mitochondrial permeability transition by cyclosporin A during
long time frame experiments: relationship between pore opening
and the activity of mitochondrial phospholipases. Biochemistry 34
(50), 16440–16449.
[37] Clark, S.J., Mc Stay, G.P. and Halestrap, A.P. (2002) Sanglifehrin
A acts as a potent inhibitor of the mitochondrial permeability
transition and reperfusion injury of the heart by binding to
cyclophilin-D at a diﬀerent site from cyclosporin-A. J. Biol.
Chem. 277 (38), 34793–34799.
[38] Basso, E., Fante, L., Fowlkes, J., Petronilli, V., Forte, M.A. and
Bernardi, P. (2005) Properties of the permeability transition pore
in mitochondria devoid of cyclophilin D. J. Biol. Chem. 280 (19),
18558–18561.
[39] Woodﬁeld, K.Y., Price, N.T. and Halestrap, A.P. (1997) cDNA
cloning of rat mitochondrial cyclophilin. Biochim. Biophys. Acta
1351 (1–2), 27–30.
[40] Portman, M.A. (2000) Adenine nucleotide translocator in heart.
Mol. Genet. Metab. 71 (1–2), 445–450.
[41] Sampson, M.J., Lovell, R.S. and Craigen, W.J. (1996) Isolation,
characterization, and mapping of two mouse mitochondrial volt-
age-dependent anion channel isoforms. Genomics 33 (2), 283–288.
